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It was previously found that peritectic-forming solutes are more favourable for the grain 
refinement of cast Al alloys than eutectic-forming solutes. In this work, we report that the 
eutectic-forming solute, Mg, can also significantly grain refine cast Zn. Differential thermal 
analysis (DTA) of a Zn-Mg alloy, in which efficient grain refinement occurred, evidenced an 
unexpected peak that appeared before the nucleation of η-Zn grains on the DTA spectrum. 
Based on extensive examination using X-ray diffraction, high resolution SEM and EDS, it 
was found that: (a) some faceted Zn-Mg intermetallic particles were reproducibly observed; 
(b) the particles were located at or near grain centres; (c) the atomic ratio of Mg to Zn in the 
intermetallic compound was determined to be around 1/2. Using tilting selected area 
diffraction (SAD) and convergent beam Kikuchi line diffraction pattern (CBKLDP) 
techniques, these faceted particles were identified as MgZn2 and an orientation relationship 
between such grain-centred MgZn2 particles and the η-Zn matrix was determined. Hence, the 
unexpected peak on the DTA spectrum is believed to correspond to the formation of MgZn2 












effect of Mg solute on restricting grain growth, such heterogeneous nucleation is 
cooperatively responsible for the grain size reduction in Zn-Mg alloys.  














1. Introduction   
      Through the addition of efficient grain refiners into metal melts, the formation of fine, 
equiaxed and uniform grain structures can be enhanced. Such grain-refined microstructures 
deliver casting soundness and improved mechanical properties, further facilitating subsequent 
mechanical processing and therefore the service performance of polycrystalline metallic 
materials [1-3]. Zinc is favoured as an engineering material for many industrial applications 
due to its low melting temperature, good atmospheric corrosion resistance and sound 
dimensional tolerance [4]. Wrought Zn products are mainly used in four forms: flat-rolled 
products, wire-drawn products, extrusions and forged products [5]. To improve the 
formability and mechanical properties of these Zn products, the starting cast Zn ingots need 
to be grain refined [6-8]. Krajewski and co-workers comprehensively investigated the grain 
refinement of cast high-aluminium zinc alloys and the relationship between grain refinement 
and mechanical properties [6, 8]. Recently, two peritectic-based master alloys (Zn-10wt.% 
Ag and Zn-18wt.% Cu) and two eutectic-based master alloys (Zn-60wt.% Mg and Zn-6wt.% 
Al) have been developed as grain refiners for cast Zn [9]. The grain refining mechanism of 
cast Zn through Ag/Cu inoculation has already been investigated and reported [10]. However, 
it still remains unclear why the eutectic-forming solutes Mg/Al can also lead to significant 
grain refinement in cast Zn [9]. 
      Over the past six decades, research on grain refinement of cast metals/alloys has been 
extensively conducted in Al, Mg and their respective alloys [2, 11-16], and the most 
significant grain refiners have mainly been found in the peritectic-based alloy systems. This 
includes the Al-Ti system [17, 18] (or Al-Ti-B [19]), the Mg-Zr system [14, 20], the Mg-Al-
Y system [21, 22] and the Zn-Ag system [10]. In the early 1950s, Crossley and Mondolfo [17, 
18] first proposed the peritectic theory to elucidate grain refinement in Al and Al-based alloys. 












refinement of Mg-Zr alloys. Recently, Wang and co-workers found that the peritectic-
forming solute elements (V, Zr and Nb) have much higher grain refining efficiencies than the 
eutectic-forming solute elements (Cu, Mg and Si) in cast Al when the solutes are added at 
levels over their individual maximum solid solubility (Cm) [15, 23]. However, Qian and 
StJohn [20, 24] suspected the contribution of peritectics in the grain refinement of Mg, 
because notable grain refinement can be achieved at levels far below Cm. Therefore, the 
question of whether peritectics are essential for the grain refinement of cast metals/alloys 
remains controversial, particularly for Zn. 
      The present authors previously found that peritectic-forming solutes, Ag and Cu, 
substantially reduce the grain sizes of cast Zn even at concentrations below Cm [9]. Ag 
contributes to the grain refinement of cast Zn through a strong growth restriction effect and 
the in-situ formation of pro-peritectic nucleant particles that have favourable nucleation 
crystallography [10]. However, they also reported [9] that addition of the eutectic-forming 
solute, Mg, can produce significant grain refinement in cast Zn. Thus, several questions arise: 
(1) What are the grain refining mechanisms of Mg in cast Zn? (2) Does any enhanced 
heterogeneous nucleation occur in this eutectic alloy? (3) If so, what are the potent nucleant 














2. Experimental procedure  
2.1. Materials and cast process 
      In order to add Mg into liquid Zn, a master alloy (Zn-60wt.% Mg) was first prepared 
using super-high-purity Zn ingots (99.995 wt.%) and Mg ingots (99.95 wt.%) that were 
melted together at 750 oC in a steel crucible coated with boron nitride in an electrical 
resistance furnace. This melting process was carried out using a protective cover gas (1.0% 
SF6, 49% dry air and 50 vol.% CO2). Eight binary Zn-Mg alloys, containing 0.03%, 0.06%, 
0.10%, 0.20%, 0.30%, 0.45%, 0.60% and 0.74 wt.% Mg respectively, were then produced 
through weighed additions of the master alloy into Zn melts at 600 oC. Unless specified 
otherwise, all chemical compositions in the work are described in weight percent. After 
isothermally holding the melts of binary Zn-Mg alloys at 600 oC for 20 minutes, removing 
the surface dross and stirring, the melts were then cast into cylindrical graphite moulds (30 
mm in diameter and 40 mm in length) that were preheated to 600 oC. An N-type 
thermocouple was used to measure the average solidification cooling rate. The cooling 
method developed by Backerud and Shao [25] was used in the present work. Using such a 
cooling method, the average cooling rates in the casting moulds were determined to be 
around 1 oC/s. Chemical compositions of both the master alloy and the Zn-Mg alloys were 
determined using inductively coupled plasma atomic emission spectroscopy (ICP-AES). The 
results are listed in Table 1. In order to investigate the potential phase transformation 
associated with the solidification of Zn-Mg alloys, differential thermal analysis (DTA) was 
also carried out on pure Zn and the Zn-Mg alloys using a Netzsch DTA 402 C system at a 













2.2. Microstructural characterization 
      Metallographic samples were sectioned at a position about 10 mm from bottom of the 
cylindrical ingots and were then ground and polished using Struer® equipment. To highlight 
the grain boundaries, the metallographic specimens were etched with Gennone-Kersey 
solution (84% distilled H2O, 15% H2SO4 and 1 vol.% HF). These specimens were firstly 
examined using a Leica polarised optical microscope (OM) equipped with a Spot 32 image 
analysis software. The average grain sizes were measured using the linear intercept technique 
(ASTM 112-10). In samples where the addition level exceeded 0.2 wt.% Mg, due to the 
insufficient contrast, it was hard to distinguish the adjacent grains using optical microscopy. 
Therefore, electron backscattered diffraction (EBSD) was used to examine the microstructure 
of these alloys. In order to identify phase constituents, the binary Zn-Mg alloys were 
examined using X-ray diffraction (XRD) in a Bruker D8 diffractometer. XRD was operated 
at 40 kV with Cu-Kα radiation (wavelengths is λkα1 = 1.54056 Å). 
      In order to investigate the possibility of heterogeneous nucleation occurring in the Zn-Mg 
binary systems, the grain-refined alloys were also examined in a transmission electron 
microscopy (TEM) to identify the heterogeneous nucleation particles (also called nucleants). 
The nucleants were located within the grains. Because the size of the grain-centred particles 
is small (1 ~ 6 µm) compared with the average grain size ( ≥ 100 µm), it was extremely 
difficult to find such particles in TEM using the thin foils prepared by the conventional TEM 
preparation methods (i.e. twin-jet polishing, precision ion polishing system (PIPS) and tri-pod 
grinding). Focused-ion beam (FIB) milling remains as a unique method for site-specific TEM 
specimen preparation [26-30]. However, FIB cannot be directly employed on the ion beam-
sensitive Zn alloys due to severe ion beam damage. Thus, a modified FIB-TEM method was 












paper. The conventional process of FIB-TEM sample preparation consists of: (1) depositing a 
protective Pt layer using an ion beam to preserve the target area; (2) subsequent rough milling; 
(3) lifting-out; and (4) post-thinning. The modified method combines the electron beam-
induced (EBI) deposition process with the ion beam-induced (IBI) deposition process to 
produce two consecutive Pt layers before follow-up FIB thinning. Fig. 1 shows one typical 
site-specific FIB-TEM specimen which was prepared using this modified method. More 
details of the modified method are given in Appendix A. The EBI Pt layer provides 
protection of the target area from ion beam damage, and the subsequent IBI process can then 
more efficiently deposit a Pt layer over the initial EBI layer, thereby reducing the time 
consumed in the whole process. Site-specific TEM specimens were milled out from a bulk 
sample by Helios Nanolab 600 dual beam SEM/FIB, and an in-situ lift-out procedure was 
used to secure the TEM foil on an Omniprobe® TEM grid. All the TEM specimen were then 
examined in a JEOL 2100 TEM operated at 200kV. 
3. Results 
3.1. Microstructures of the Zn-Mg alloys 
      Fig. 2 presents typical optical micrographs of some selected cast Zn-Mg alloy 
microstructures. ddition of 0.03 wt.% Mg fully converted the columnar grain structure of 
pure Zn into equiaxed grains, as shown in Figs. 2a-b. Further increases in Mg content led to 
significant grain refinement, as illustrated in Figs. 2c-f. In the plot of average grain size 
versus Mg content in Fig. 3,  it can be seen that the grain size decreases sharply from 1878 to 
224 µm with only 0.1 wt.% Mg addition (note: the maximum solubility (Cm) of Mg in Zn is 
0.1 wt.%). A further increase in the Mg content causes a continual reduction in the average 
grain size down to 84 µm at 0.74 wt.% Mg, and this is associated with the formation of a 












3.2. Characterization of potent nucleant particles 
      To understand the grain refining mechanism in cast Zn by Mg, the as-cast Zn-Mg alloy 
specimens were further examined using XRD to identify the phase constituents in the alloys. 
Fig. 4 shows the XRD spectra results. It can be seen that when the Mg content is equal to or 
below Cm, only η-Zn phase can be detected, as shown in spectra (1) - (3). In alloys with Mg 
contents over Cm, the Mg2Zn11 phase is also identified in the spectra (4) - (6). According to 
the equilibrium Zn-Mg binary phase diagram, this phase is one of the eutectic constituents 
(Zn + Mg2Zn11), which is formed after the nucleation of η-Zn through a eutectic reaction. 
However, in alloys with higher Mg contents, some unexpected XRD spectra peaks were 
reproducibly observed, as shown in Fig. 4b. The intensities of these peaks are very low, 
probably due to the small volume fractions or/and small sizes. In terms of the Powder 
Diffraction File database [31], these unexpected weak peaks match well with the MgZn2 
phase. 
      In order to accurately identify the unexpected phase and to understand its role(s) in grain 
refinement of the cast Zn alloys, the following questions need to be answered first. (a) What 
is the morphology of the phase? (b) When was it formed during the solidification process? (c) 
Are there any crystallographic relationships between this phase and Zn matrix? To 
characterize the morphology of the unexpected phase, the cast Zn-0.6wt.% Mg alloy was 
examined in a high resolution SEM. As shown in Figs. 5a and b1, small grain-centred (or 
near grain-centred) and faceted particles were frequently observed. Energy dispersive 
spectroscopy (EDS) analysis (see Fig. 5b2) indicated that the chemical composition of such 
particles is Mg32.86Zn67.14, which is very close to and can be simplified as MgZn2. After 
examining a large number of the grain-centred particles, their sizes were measured to be 
within a range of 1 to 6 µm. Fig. 5b3 shows the particle size distribution. More examples of 












      To understand when such particles formed, the solidification process was investigated by 
differential thermal analysis (DTA). As expected, compared with pure Zn, an additional 
inflection point (or an extra peak) appears on the DTA curve (or on the first derivative of 
DTA curve) of the alloys containing over 0.1 wt.% Mg. Fig. 6 shows the DTA curves and the 
first derivative of DTA curves of pure Zn and the Zn-0.1wt.% Mg alloy, respectively. It can 
be seen that, at 466.1 oC prior to the formation of η-Zn at 419.66 oC, an extra turning point 
appears on the DTA curve in Fig. 6a and an extra peak appears on the first derivative of DTA 
curve in Fig. 6b, which indicate the formation of different phase. Combining the XRD results 
in Fig. 4 with the Zn-Mg phase diagram, it is believed that this phase formed before η-Zn is 
MgZn2. Although the MgZn2 phase in Zn-0.1wt% Mg was not detected by the XRD 
presumably due to the very low volume fraction, the DTA results verified the formation of 
such a phase during the solidification process. To further confirm the crystal structure of this 
phase, the grain-centred particles were further examined using selected area diffraction (SAD) 
combined with tilting technique [32]. The TEM bright field micrograph of one typical 
particle-matrix pair is illustrated in Fig. 7a. Figs. 7b-d show three SAD patterns taken at three 
different positions (three low-index zone axes) from the same grain-centred particle. There 
was only a small difference between the d-spacing values from SAD determination and from 
the PDF card, which are listed in Fig. 7e. These patterns can be well indexed in terms of the 
crystal structure and lattice parameters of the HCP MgZn2  (a = 5.223 Å, c = 8.5684 Å) with 













3.3. Crystallography between the grain-centred particle and the η-Zn matrix 
      The crystallographic orientation relationship (OR) between the grain-centred MgZn2 
particle and the Zn metal matrix was determined using the convergent beam Kikuchi line 
diffraction pattern (CBKLDP) technique [33]. A typical TEM micrograph showing the 
nucleation particle-matrix pair (MgZn2 - η-Zn) and the corresponding CBKLDPs are shown 
in Fig. 8. After indexing the Kikuchi diffraction patterns, an OR between the particle and the 
matrix was determined. It is expressed as follows: 
1120 2.24° from 1120, (1100) 1.12° from (0002), 
(0002)1.8° from (1100)                                  (1) 
A similar HCP-HCP OR has been previously reported in the Al2CO-Mg nucleation system 
[34, 35] and was expressed as follows: 
1210	||1120, (1010)	 2.8° from (0002)                   (2) 
In light of the experimental errors, the present determined OR (1) between MgZn2 and η-Zn 
can be considered as a different variant of the HCP-HCP OR (2) between Al2CO and Mg. 
This implies that MgZn2 particles have a crystallographic relationship with η-Zn matrix. 
Generally, in crystalline materials, the crystallographic relationship between any two phases 
is associated with phase transformations. According to the Zn-Mg equilibrium phase diagram, 
it is unlikely that MgZn2 phase forms through precipitation in the Zn alloys containing Mg 
below 6.3 wt.%. Hence, it is considered that the crystallographic relationship should be 
attributed to the heterogeneous nucleation of η-Zn on the MgZn2 particles that formed from 
the melt at higher temperatures, such as 466.1 °C. The nucleation temperature of η-Zn is 
419.66 °C, as shown in Fig. 6. This combined evidence indicates that MgZn2 particles are 












4. Discussion    
4.1. Modelling the grain refinement of Zn-Mg alloys 
      It is generally considered that both potent nucleant particles and solute additions are 
essential for grain refinement [36-38]. StJohn et al. [39] studied the grain refinement of Al 
and Mg-based alloys and found that the average grain size (dgs) of cast metals can be 
expressed as 
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 +                                          (3) 
where D, z·∆Tn, v, Q, ∗ ,  , k and xsd are denoted as diffusion coefficient, critical 
constitutional supercooling (CS) for nucleation, growth rate, growth restriction factor, solute 
concentration at solid/liquid (S/L) interface, initial solute concentration in liquid, partition 
coefficient and interparticle spacing, respectively. Eq. 3 includes the contributions of both 
solute and effective nucleant to the as-cast grain sizes. Q is an effective parameter to assess 
the solute effect on the reduction in grain size, and this has been proved by experiments [38, 
40]. Q is defined by d(∆Tc)/dfs|fs=0, where ∆Tc and fs are CS and solid fraction, respectively. In 
a binary system, Q equals to mco(k-1), in which m is the slope of the liquidus, k represents the 
partition coefficient and co is the solute concentration in liquid metal. For a particular alloy 
system, Eq. 3 can be simplified as Eq. 4 [41].  
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      The StJohn’s model is normally applied to a grain refining systems with solute 
concentrations below the maximum solubility (Cm). For the present Zn-Mg system with Co > 
Cm, the model needs to be modified. When the solute content is over Cm, the fraction of pro-
eutectic phase is less than 1. Assuming the grains of the pro-eutectic phase is spherical and 
even in size, the actual grain size (d) of the pro-eutectic phase is smaller than that calculated 
using Eq. 4, and will depend on the fraction of the pro-eutectic phase. In terms of the lever 








                                                    (5) 
where Ceu, Co and Cm are the eutectic concentration, the initial solute concentration and the 
maximum solubility respectively, as shown in Fig. 9a. When Co ≤ Cm, the fraction of pro-
eutectic η-Zn phase equals to 1 and d = dgs, as shown in Fig. 9b. In this case, the Eq. 4 is 
valid. When Co = Ceu, the fraction of pro-eutectic phase is 0 (full eutectic structure) and d = 0. 
When Cm ≤ C0 ≤ Ceu, the fraction of pro-eutectic phase lies between 0 and 1, thus, d is smaller 
than dgs due to the eutectic structure as shown in Fig. 9c. Substituting Eq. 5 and Co = Q/m(k-1) 
into Eq. 4, the actual grain size (d) of the pro-eutectic phase can be expressed using Eq. 6. 
Plotting the experimentally determined average grain size of the Zn-Mg alloys as a function 
of 1/Q in Fig. 9d, a linear relation between d and 1/Q can be observed when Co ≤ 0.1 wt.% 
Mg. From this segment linear relation, the a and b values were measured as 107.02 and 
184.80. Based on these values and the Eq. 6, the actual grain size of pro-eutectic η-Zn phase 
can also be calculated for the Zn alloys containing more than 0.1 wt.% Mg. The grain sizes, 
calculated using StJohn’s model and Eq. 6 together with the experimental results, are also 
plotted in Fig. 9d, respectively. As can be seen in Fig. 9d, the grain sizes calculated using Eq. 
6 are much closer to the experimental results than those calculated using the StJohn’s model. 












via a cascade of peritectic transformations, which have slow kinetics and are often incomplete. 
This suggests the hindered diffusion and a lack of equilibrium. Probably, it would give even 
better fittings in Fig. 9, if the Gulliver-Scheil (G-S) kinetics were considered. However, the 
G-S kinetic factors are not the focus of this paper, and further investigation will be conducted 
and results will be reported in the future. 





                                                  (6) 
      The above modelling indicates that both heterogeneous nucleation and solute effect 
cooperatively contribute to the grain refinement in Zn-Mg alloys. However, one may argue 
that it is the solute effect that predominately governs the reduction in grain size of these 
alloys. It was previously reported [9] that addition of Mg led to more significant grain 
refinement in cast Zn than other solutes, such as Al, Ag and Cu. In binary Zn alloy systems, 
the Qunit = m(k-1) values (i.e. Q-value at unit solute concentration) of Mg, Al, Ag and Cu are 
17.95, 5.14, 6.4 and 2.01 K, respectively. However, the solute contents required to achieve 
significant grain reduction of cast Zn to the same level of grain size (around 200 µm) are 
different. These are measured to be 0.1 wt.% Mg, 0.5 wt.% Al, 3.0 wt.% Ag and 2.0 wt.% Cu, 
which correspond to calculated Q-values for Mg, Al, Ag and Cu in Zn of 1.8, 2.4, 19.1 and 
3.4 K, respectively. Thus, taking the effect of solute concentration on the growth restriction 
factor into account, the Zn-Mg alloys are actually associated with the lowest Q-value due to 
the low Mg content. Hence, heterogeneous nucleation on the MgZn2 particles that formed 













      The question arises is how the MgZn2 phase forms in binary Zn alloys containing less 
than 6.3 wt.% Mg? In terms of the Zn-Mg phase diagram and equilibrium conditions, the 
MgZn2 phase should not exist at room temperature in the Zn alloys with Mg content less than 
6.3 wt.%. However, in practice, the addition of Zn-60wt.% Mg master alloy into Zn results in 
gradual dissolution. As the isothermal holding time could not be infinitely long, the 6.3% 
point might shift towards lower concentration under the real solidification conditions, 
resulting in concentration fluctuation. Local areas with higher solute concentration in the 
liquid normally correspond to the last dissolved parts of the Zn-60wt.% Mg master alloy. 
During solidification, if some localised regions contained over 4 wt.% Mg, then the MgZn2 
particles may form before the formation of pro-eutectic η-Zn. In the subsequent cooling 
process, these pre-formed MgZn2 particles are then able to act as heterogeneous nucleation 
sites. Hence, it is reasonably considered that the Mg concentration fluctuation in liquid Zn 
alloys results in the formation of MgZn2 phase. 
4.2. Other factors contributing to the grain refinement  
      Freezing range (∆T), which is defined as the temperature difference between liquidus and 
solidus at a given solute concentration, as shown in Fig. 9a, is another factor related to grain 
refinement. Abdel-Reihim et al. correlate ∆T to the time delay necessary for the 
heterogeneous nucleant particles to become effective during continuous nucleation [42]. The 
larger the ∆T value is, the more potent nucleant particles can be activated [42]. In the four 
reported Zn binary alloys [9], at the solute contents associated with significant grain 
refinement, the ∆T values of Mg, Al, Ag and Cu are 56.0, 24.1, 7.2 and 1.5 Κ, respectively 
[9]. The largest freezing range of Mg in Zn implies that, at the same growth restriction factor, 












the heterogeneous nucleation in Zn-Mg alloys, compared with other Zn-Al, Zn-Ag and Zn-Cu 
alloys. This factor causes the reduction in grain size. 
      In addition, as indicated by the free growth model [43-45], the geometrical features of 
potent nucleant particles also govern heterogeneous nucleation. The geometrical features 
consist of morphology, particle size and size distribution. In the reported effective grain-
refining systems, the size of active nucleant particles are 2.5 ~ 10.5 µm for Al2Y particles in 
Mg-1.5% Al-10wt.% Y alloy [46], 1 ~ 5 µm for Zr particles in Mg-Zr alloy [47], 3 ~ 5 µm 
for TiB2 particles in Al-5Ti-1B alloy [37] and 0.5 ~ 1 µm for MgAl2O4 particles in Al-Mg 
alloy [48]. The size distribution of nucleant particles in these efficient grain refining systems 
is relatively narrow. Generally the morphology of the active nucleant particles are faceted, 
such as Al/Al-Ti-B [19, 49, 50], Al/Al3Zr [15] (or Al/Al3Nb [23]), Mg/Zr [51], Mg/Al2Y [52], 
Al/Al8(Mn,Fe)5 [53] and Mg/MgO [54, 55] systems. In the present Zn-Mg alloys, the grain-
centred MgZn2 particles have faceted shape and their sizes only vary from 1 to 6 µm, as 
shown in Fig. 5b3. This implies that the MgZn2 particles (formed prior to η-Zn at a higher 
temperature of 466.1 °C) geometrically satisfy the above criteria as active potent 















1. Through the addition of Mg into cast pure Zn, the significant grain refinement was 
achieved. Using XRD, EDS, selected area diffraction (SAD) and TEM tilting 
techniques, the faceted MgZn2 particles were identified within the η-Zn grains, which 
act as effective heterogeneous nucleation sites.  
 
2. The significant grain refining efficiency of Mg in Zn results from the cooperative 
contributions from (a) the growth restriction effect of Mg solute and (b) the enhanced 
heterogeneous nucleation of Zn on MgZn2 particles. The MgZn2 particles formed 
prior to the formation of η-Zn at a temperature of 466.1 °C (the nucleation 
temperature of η-Zn is 419.66 oC), which is most likely due to the Mg concentration 
inhomogeneity in liquid alloy. 
 
3. Using convergent beam Kikuchi line diffraction pattern (CBKLDP) technique, an 
orientation relationship (OR) between MgZn2 particles and η-Zn metal matrix was 
determined. This OR is expressed as: 
 
1120 2.24° from 1120, (1100) 1.12° from (0002),  
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      A modified FIB-TEM process has been developed to efficiently prepare site-specific 
TEM thin foil from the ion beam-sensitive Zn alloys. The process includes deposition of an 
initial protective Pt layer using an electron beam, followed by another Pt coating using an ion 
beam with higher efficiency, as shown in Fig. A1. The first layer sufficiently protects the 
target area when being exposed to the subsequent ion beam, and that second process ensures 
efficient deposition and high Pt coating density. When welding the lift-out thin foil to Cu grid, 
it is also suggested that the electron beam can be used to reduce ion beam damage. TEM 
observation indicates that the thin foils, prepared using Helios Nanolab 600 dual beam 
SEM/FIB according to this modified method, are of good quality. Details of this method are 
listed as follows: 
• For materials with weak conductivity, a conductive 2 nm thick Au (or C) coating needs 
to be applied before Pt deposition. 
• Deposit a 0.5 µm thick protective Pt layer using an electron beam operated at 15 kV, 1.4 
nA. 
• Deposit another 1.5 µm thick protective Pt layer using an ion beam operated at 30 kV, 50 
pA. 
• Mill the target area into a TEM thin foil from bulk samples using FIB cross-section 
milling operated at 30 kV, 96 pA. 
• Clean the TEM foil using FIB cross cleaning operated at 30 kV, 48 pA. 
• Weld the lift-out TEM thin foil to Cu grid using the electron beam.  
• Refine the TEM foil using FIB milling at 5 kV, 47/28 pA. The sample can be tilted by ± 
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Figure captions (10 figure captions in total) 
Fig. 1. An example of successful FIB-TEM specimen prepared using the modified method: (a) 
the ion beam image of a grain-centred nucleation particle; (b) an initial 0.5 µm thick Pt layer 
deposited by electron beam; (c) the subsequent 1.5 µm thick Pt layer over (b) deposited by 
ion beam; (d) TEM bright field image of the two consecutive Pt layers. The inset I in (d) is an 
ion beam image of the TEM specimen corresponding to (a) before FIB post-thinning. 
 
Fig. 2. Typical optical microstructures of the as-cast pure Zn refined by addition of Mg. (a) 
pure Zn (1878 µm); (b) Zn-0.03wt.% Mg (455 µm); (c) Zn-0.10wt.% Mg (224 µm); (d) Zn-
0.20wt.% Mg (164 µm); (e) Zn-0.60wt.% Mg (84 µm); (f) Zn-0.74wt.% Mg (85 µm). 
 
Fig. 3. Variation of average grain sizes of the cast binary Zn-Mg alloys with different Mg 
content. Inset (a) is the band contrast image showing the typical microstructure of the Zn-
0.74wt.% Mg alloy. Inset (b) is an electron backscattered diffraction (EBSD) mapping of (a). 
 
Fig. 4. (a) XRD spectra of the as-cast Zn-Mg alloys; (b) enlarged area indicated by the 
rectangle in (a). 
Fig. 5. SEM micrographs showing the unexpected grain-centred particles (MgZn2) and the 
associated EDS analysis results in the Zn-0.6wt.% Mg alloy. (a) and (b1) typical SEM 
microstructures; (b2) EDS analysis result of the grain-centred particle in (b1); (b3) size 
distribution of the grain-centred particles; (c) - (h) typical morphology of the particles. 
 
Fig. 6. Differential thermal analysis (DTA) results of the as-cast pure Zn and the grain-
refined Zn-0.1wt.%  Mg alloys. (a) DTA curves plotted as a function of time, and (b) the first 















Fig. 7. TEM bright field micrograph of a grain-centred MgZn2 particle and its SAD patterns 
at different tilting positions. (a) TEM bright field image of a particle-matrix pair; (b) SAD 
pattern taken at [2 -1 -1 0]MgZn2 axis; (c) SAD pattern taken at [0 1 -1 0]MgZn2 axis; (d) SAD 
pattern taken at [1 -2 1 -3]MgZn2 axis; (e) Comparison of the interplanar spacing (d-spacing) 
values between SAD results and PDF card. 
 
Fig. 8. (a) Bright field TEM image showing a MgZn2 particle and η-Zn matrix; (b) 
Convergent beam Kikuchi line diffraction patterns (CBKLDPs) from MgZn2 particle; (c) 
CBKLDPs from Zn matrix. The green solid lines (passing through the yellow dots) are 
denoted as crystallographic plane traces. 
 
Fig. 9. (a) Partial Zn-Mg equilibrium phase diagram; (b) schematic of the grain size of alloys 
with Co < Cm; (c) schematic of the modified grain size of  alloys with Cm < Co < Ceu showing 
eutectic structure between the adjacent pro-eutectic grains; (d) the experimentally measured 
(0.03 - 0.74 wt.% Mg) and calculated (0.1 - 0.74wt.% Mg) grain sizes of η-Zn plotted against 
1/Q. ∆T in (a) is defined as the freezing range [42] 
 
Fig. A1 Schematic illustration of the proposed sequence for depositing two consecutive Pt 
layers on the ion beam-sensitive materials before FIB milling: (a) an initial conductive 
coating, (b) the first protective Pt layer deposited by electron beam, and (c) the second 


























































































































































Table (1 table in total) 
Table 1 Contents of major solute elements in the as-cast master alloy, and the difference of 


































































Specimen No. Nominal addition Determined content 
1 0.03 Mg 0.023 Mg 
2 0.06 Mg 0.044 Mg 
3 0.10 Mg 0.067 Mg 
4 0.20 Mg 0.150 Mg 
5 0.30 Mg 0.260 Mg 
6 0.45 Mg 0.410 Mg 
7 0.60 Mg 0.570 Mg 
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• A new eutectic-based grain refiner for the cast Zn was found. 
 
• The formation process of an intermetallic compound (MgZn2) was characterized. 
 
• MgZn2 can act as potent heterogeneous nucleation sites above the liquidus. 
 
• A new OR between MgZn2 and η-Zn was determined using the CBKLDP technique. 
 
 
 
